When unadapted mixed ruminal bacteria (312 mg of protein per liter) were treated with monensin (5 mM) in vitro, the rates of ammonia production from enzymatic digests of casein, gelatin, and soy protein (0.5 g of N per liter) were decreased from 46 2 to 24 1, 20 1 to 7 1, and 40 + 2 to 18 2 nmol/mg of protein per min, respectively. Monensin also caused a decrease in ammonia production in vivo. Nonlactating dairy cows which were fed 0.56 kg of timothy hay 12 times per day had a steady-state ruminal ammonia concentration of 2.7 0.1 mM, and the ammonia concentration decreased to 1.2 + 0.2 mM when monensin (350 mg/day) was added to the diet. The decrease in ammonia production was associated with a 10-fold reduction (4.1 x 106 versus 4.2 x 105/ml) in the most probable number of ammonia-producing ruminal bacteria that could use protein hydrolysate as an energy source. Monensin had little effect on the most probable number of carbohydrate-utilizing ruminal bacteria (6.5 versus 7.0 x 108/ml). The addition of protein hydrolysates (560 g) to the rumen caused a rapid increase in the ammonia concentration, but this increase was at least 30%o lower when the animals were fed monensin. Since the specific rates of microbial utilization for soy, casein, and gelatin hydrolysates were lower in monensin-fed animals (0. Amino acid degradation in the rumen is a nutritionally wasteful process that often produces more ammonia than the microorganisms can utilize, and this excess ammonia represents a loss of dietary nitrogen (1). Because ruminal bacteria can take up amino acids at a rapid rate (6) and there is little free amino acid nitrogen in ruminal fluid (35), it had generally been assumed that proteolysis was the rate-limiting step in ruminal protein degradation (29). Winter et al. (34) noted that ruminal fluid sometimes had large amounts of nonammonia, nonprotein nitrogen, but the role of peptides as intermediates in ruminal protein degradation was largely ignored. In vitro studies indicated that peptides were resistant to ruminal degradation (4, 12, 26, 32, 36) , and recent studies showed that peptides could accumulate in vivo (10, 11).
protein hydrolysate as an energy source. Monensin had little effect on the most probable number of carbohydrate-utilizing ruminal bacteria (6.5 versus 7.0 x 108/ml). The addition of protein hydrolysates (560 g) to the rumen caused a rapid increase in the ammonia concentration, but this increase was at least 30%o lower when the animals were fed monensin. Since the specific rates of microbial utilization for soy, casein, and gelatin hydrolysates were lower in monensin-fed animals (0.80 0.04 versus 0.33 + 0.03, 0.55 + 0.01 versus 0.18 + 0.02, and 0.25 0.01 versus 0.06 0.02 h-1, respectively), it appeared that monensin was increasing the rate of passage of amino acid nitrogen from the rumen.
Amino acid degradation in the rumen is a nutritionally wasteful process that often produces more ammonia than the microorganisms can utilize, and this excess ammonia represents a loss of dietary nitrogen (1) . Because ruminal bacteria can take up amino acids at a rapid rate (6) and there is little free amino acid nitrogen in ruminal fluid (35) , it had generally been assumed that proteolysis was the rate-limiting step in ruminal protein degradation (29) . Winter et al. (34) noted that ruminal fluid sometimes had large amounts of nonammonia, nonprotein nitrogen, but the role of peptides as intermediates in ruminal protein degradation was largely ignored. In vitro studies indicated that peptides were resistant to ruminal degradation (4, 12, 26, 32, 36) , and recent studies showed that peptides could accumulate in vivo (10, 11) .
The ionophore monensin is commonly fed to beef cattle to improve the efficiency of feed utilization (17) . Monensin was originally marketed as a methane inhibitor, but early work indicated that it also caused a decrease in ruminal ammonia (16) . Since monensin has little effect on proteolysis (30) , it appeared that peptide or amino acid escape might be responsible for the "protein sparing."
Recently isolated, monensin-sensitive ruminal bacteria (8, 27 ) produced ammonia at a much faster rate than monensinresistant ruminal bacteria (3, 18) , but their contribution to ammonia production in vivo had not been elucidated. The results presented here indicate that monensin (i) decreases the production rate of ammonia in vitro and in vivo and (ii) increases the flow of amino nitrogen from the rumen. These changes may be explained by a decreased number of monensin-sensitive, ammonia-producing bacteria which do not require carbohydrates as an energy source. * Corresponding author.
MATERIALS AND METHODS
In vitro experiments. Rumen contents were obtained from two ruminally fistulated, nonlactating Holstein cows (approximately 700 kg each). The cows were fed 2.5 kg of timothy hay and 2.5 kg of a commercial concentrate mix (16% crude protein) twice daily. At 1.5 h after feeding, ruminal contents were squeezed through four layers of cheesecloth into a glass flask and allowed to stand for 1 h (39°C) anaerobically. After gas production had buoyed small feed particles to the top and protozoa had sedimented to the bottom, bacteria were collected from the middle section of the flask. The bacteria were harvested by centrifugation (10, (2 liters) and added into the rumens through the fistulas on different days. Rumen fluid (300 ml) was obtained from the ventral and anterior sections of the rumens by suction at 0, 1, 2, 3, 4, 5, 6, 7, 8, 11, 12, and 24 h after administration of the hydrolysates. The rumen fluid was strained through four layers of cheesecloth and centrifuged (10,300 x g at 4°C for 20 min). The extracted ruminal fluid was stored at -20°C. Rumen fluid dilution rate was estimated from the disappearance of cobalt EDTA (Co-EDTA). The animals were dosed with 6 g of Co-EDTA, and samples were taken after 2, 4, 6, 8, 11, 13, 15, and 24 h. Cell-free samples were analyzed for Co with an inductively coupled plasma spectrometer (model 3400; Applied Research Laboratories, Sunland, Calif.). The animals were fed monensin for 4 weeks, and there was at least 1 week between the additions of protein hydrolysate.
Specific activity and enumeration. Particle-free ruminal fluid from the cows fed timothy hay 12 times per day was incubated with or without casein hydrolysate (0.5 g of N per liter), and the initial rate of ammonia production (specific activity from 0 to 6 h) was determined. The feed particle-free ruminal fluid was serially diluted (10-fold increments) in the medium described by Caldwell and Bryant (5) and either mixed carbohydrates (2 g of glucose and maltose and 1.5 of cellobiose per liter) or Casamino Acids (15 g/liter) (Difco Laboratories, Detroit, Mich.) were provided as an energy source. Triplicate tubes were incubated at 39°C for 72 h, and growth was scored by the increase in optical density (20) .
Peptides and amino acids. Amino nitrogen utilization was estimated by a ninhydrin procedure (36) . Cell-free supernatant was deproteinized (10), and samples (100 ml) were dried in an oven (110°C) to remove ammonia and hydrolyzed with HCl (6 N) (at 110°C for 24 h under N2 gas). The samples were adjusted to pH 5.4 with NaOH and assayed by ninhydrin with glycine as a standard.
The amino acid composition of the residual amino nitrogen was estimated by high-pressure liquid chromatography (HPLC). Samples (25 ,ul) were hydrolyzed with HCl and derivatized with phenylisothiocyanate prior to being added to the HPLC column (14) . This procedure gave the total amino acid composition of the samples. Peptides were then estimated by difference from samples which had been run through a C-18 Sep-Pak to remove peptides (Millipore Corporation, Milford, Mass.).
Other analyses. Ammonia was measured by the colorimetric method of Chaney and Marbach (7) . Cell samples were boiled in 0.2 N NaOH for 15 min, and protein was assayed by the method of Lowry et al. (21) .
Statistics. The in vivo experiments were conducted with two fistulated cows, and the standard deviations were calculated (see Fig. 1 to 3 , error bars).
RESULTS
In vitro batch cultures. When mixed rumen bacteria were incubated in the basal medium which did not contain protein hydrolysate (controls), there was little increase in ammonia concentration (Fig. 1) . However, when the bacteria were provided with protein hydrolysate, a rapid increase in ammonia concentration was noted. The ammonia production rates for soy and casein were faster than those for gelatin hydrolysate. When monensin (5 ,M) was added, there was a decrease in ammonia production, which was associated with a decreased utilization of nonammonia, nonprotein, ninhydrin-reactive nitrogen (data not shown).
Ammonia concentrations in vivo. When the ruminally fistulated cows were fed the timothy hay diet 12 times a day at 80% of the National Research Council recommendation (22) , the ruminal ammonia concentrations (2.7 + 0.1 mM) achieved a steady state, which is characteristic of continuous culture. On the basis of the disappearance of Co-EDTA, the rumen fluid dilution rate was 0.07 ± 0.002 h-1 and the rumen volume was 80 ± 3 liters. The day-to-day variation in ruminal ammonia was less than 5%. Monensin had little effect on food intake, fluid dilution rate (0.066 ± 0.001 h-1), or rumen volume (84 ± 1 liters), but there was a 50% decrease in the concentration of ammonia (1.2 ± 0.2 mM). This decrease in ruminal ammonia concentration was evident within 3 (Fig.  2a, c , and e), and this disappearance caused an increase in ruminal ammonia concentrations (Fig. 2b, d, and f) . The disappearance rate of soy hydrolysate was greater than that of Trypticase, and the disappearance rate of Trypticase was greater than that of gelatin hydrolysate. The disappearance rate was highly correlated (r2 = -0.94) with the proline contents of the protein hydrolysate (Fig. 3) . When the cows were fed 350 mg of monensin per day, the rates of nonammonia, nonprotein, ninhydrin-reactive nitrogen disappearance decreased (Fig. 2a, c , and e) and the ammonia concentrations were not as high (Fig. 2b, d, and f) .
When the ruminal fluid samples were reanalyzed by HPLC, 60 to 90% of the nonammonia, nonprotein, ninhydrin-reactive nitrogen was recovered as amino acid nitrogen. The composition of the residual amino acid nitrogen varied with the protein hydrolysate, but the composition of the residue was remarkably similar to the original material at all times (data not shown). Most of the amino acids in the casein, gelatin, and soy hydrolysates were found in peptides (75, 90, and 98%, respectively). When soy hydrolysate was added to the rumen, free amino acids never accumulated.
With gelatin hydrolysate and Trypticase, there was some increase in the concentration of free amino acids but most of the residual nitrogen was always present as peptide nitrogen. Monensin had little effect on the proportions of amino acid and peptide nitrogen.
DISCUSSION
Previous studies showed that monensin decreased ammonia production in vitro (9, 25, 30, 33) and in vivo (16, 24) there has been much less documentation that monensin did indeed increase amino acid nitrogen flow from the rumen. Goodrich et al. (17) reviewed the effect of monensin on protein utilization and noted that animal growth responses were usually greatest when diets contained true protein.
Poos et al. (24) reported that monensin caused an increased flow of amino acid nitrogen to the lower gut, but in other studies the flow of nonammonia nitrogen was only marginally increased (2) . In some cases, the increased flow of plant amino acids was countered by a decreased flow of microbial protein (24) .
For many years, it had been assumed that the most active ammonia-producing ruminal bacteria were gram-negative, monensin-resistant, carbohydrate-fermenting species (3, 13, 15) and the effect of monensin on ammonia production in vitro and in vivo could not be readily explained (16, 25, 30) . Recent work showed that previously unidentified monensinsensitive ruminal bacteria had a much higher specific activity of ammonia production (8, 27) . Since the MPN of carbohydrate-utilizing bacteria did not decline, it appeared that the amino acid-sparing effect of monensin was due to a decreased number of the gram-positive, monensin-sensitive bacteria which could utilize amino acids and peptides as an energy source for growth. The latter bacteria were recently identified as Peptostreptococcus anaerobius, Clostridium sticklandii, and Clostridium aminophilum sp. nov. (23) .
Since there is little amino nitrogen absorption in the rumen (28) and ruminal disappearance is a first order function of the passage and microbial utilization rates (19, 31) , it was possible to estimate the amounts of peptides and amino acids which passed out of the rumen. As the total disappearance rate increased, there was a logarithmic decrease in the fraction of nonammonia, nonprotein, ninhydrin-reactive material passing out of the rumen (a ruminal degradation much faster than the passage rate [ Fig. 4] ). When the total disappearance rate decreased, passage accounted for a much greater proportion of the disappearance. With soy hydrolysate, only 6% of the peptides and amino acids escaped ruminal degradation, but the fraction was two to four times greater for Trypticase and gelatin hydrolysates.
The effect of monensin on amino acid nitrogen passage from the rumen varied with the protein hydrolysate. Monensin caused a 60% decrease in the disappearance rate of soy hydrolysate, but this decrease had only a small effect on the amounts of peptides and amino acids passing out of the rumen (Fig. 4) . The passage rate was still much less than the microbial utilization rate. Monensin had a much greater impact on the amount of gelatin hydrolysate which passed. In the control animals (no monensin), only 19% of the gelatin hydrolysate would have passed, but nearly 50% passed when monensin was added.
In vitro experiments indicated that ruminal bacteria utilized proline-containing peptides at a slow rate (36) and that the proline content of the protein hydrolysate was inversely correlated with the ruminal disappearance rate. Monensin decreased the ruminal disappearance rate of all three protein hydrolysates irrespective of their proline content. Since proline-containing peptides were utilized slowly, one might have expected an increased passage of proline from the rumen. No such trend was noted. Because the amino acid composition of residual amino acid nitrogen was similar to that of the original material, it appeared that proline was protecting a variety of other amino acids from ruminal degradation.
The amino acid status of ruminant animals is dependent on the kinetics of ruminal fermentation (proteolysis, peptide utilization, microbial growth, and amino acid deamination). If the diet has enough ruminally degradable carbohydrate, ammonia can be used as a nitrogen source for microbial growth, and under these conditions, ammonia does not represent a significant loss of feed nitrogen. When the supply of ruminally degradable carbohydrate is low, much of the ruminally degradable protein can be deaminated and ammonia will accumulate. The loss of protein as excess ruminal ammonia can be reduced by the selection of feed proteins which are resistant to ruminal proteinases and peptidases. Ammonia losses may also be decreased by inhibiting ruminal bacteria which have a high specific activity of amino acid uptake and ammonia production.
